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Regulation of the Saccharomyces cerevisiae HO promoter has been shown to require the recruitment of
chromatin-modifying and -remodeling enzymes. Despite this, relatively little is known about what changes to
chromatin structure occur during the course of regulation at HO. Here, we used indirect end labeling in
synchronized cultures to show that the chromatin structure is disrupted in a region that spans bp �600 to
�1800 relative to the transcriptional start site. Across this region, there is a loss of canonical nucleosomes and
a reduction in histone DNA cross-linking, as monitored by chromatin immunoprecipitation. The ATPase Snf2
is required for these alterations, but the histone acetyltransferase Gcn5 is not. This suggests that the SWI/SNF
complex is directly involved in nucleosome removal at HO. We also present evidence indicating that the histone
chaperone Asf1 assists in this. These observations suggest that SWI/SNF-related complexes in concert with
histone chaperones act to remove histone octamers from DNA during the course of gene regulation.

The Saccharomyces cerevisiae HO gene encodes an endonu-
clease that generates a double-stranded break at the mating-
type locus that allows the yeast to switch between a and �
mating types (53). HO is transcribed transiently during the late
G1 phase only in mother cells, but not in daughter cells (40). As
such, it has been considered a paradigm for a developmentally
and cell cycle-regulated gene in a relatively simple eukaryote.

Considerable progress has been made in defining the order
of events that result in HO transcription. They are triggered by
the dephosphorylation of the transcription factor Swi5 during
late anaphase, which allows it to enter the nucleus (56). The
HO promoter contains two binding sites for Swi5 1,300 and
1,800 bp upstream of the transcriptional start site within a
region referred to as URS1. Binding of Swi5 and Pho2 to
URS1 (8, 38) results in the recruitment of the SWI/SNF com-
plex in mother cells (14). In daughter cells, the presence of the
repressor Ash1 prevents SWI/SNF recruitment and subse-
quent stages in the activation of HO (14; reviewed in reference
12). The SAGA histone acetyltransferase complex is also re-
cruited to URS1 and is required for HO transcription (14, 34).
Chromatin immunoprecipitation (ChIP) studies suggest that
both the SAGA complex itself and histone acetylation spread
from URS1 to a second regulatory region,URS2, where the
transcription factor SBF is recruited to a series of binding sites
in the region from 100 to 700 bp upstream of the transcription
start site (14, 34). SBF is in turn required for recruitment of the

mediator complex and, subsequently, following reactivation of
Cdk1, RNA polymerase II (13).

The involvement of chromatin-modifying and -remodeling
enzymes in the activation of HO raises the possibility that the
chromatin structure may be altered. In vitro, SWI/SNF-related
complexes have been found to be capable of generating a range
of different transitions in chromatin structure. These can in-
volve nucleosome sliding, the unraveling of DNA from the
surfaces of nucleosomes, destabilization of histone dimers, and
transfer of entire octamers (17, 47). In vivo, there is evidence
that SWI/SNF complexes can cause nucleosome sliding (36),
increased accessibility to nucleases (28), and the depletion of
some or all of the histone components of nucleosomes from
regulatory and coding regions of genes (see Discussion).

HO transcription is strictly dependent on SWI/SNF; indeed,
many of the genes encoding SWI/SNF components were iden-
tified in genetic screens dependent on this (43). This makes the
HO promoter a useful system to study the changes to chroma-
tin structure generated as a result of SWI/SNF action in vivo.
Despite this, the nature of the change to chromatin structure
that occurs during regulation of the HO promoter has not been
described. Here, we use nuclease digestion and ChIP to mon-
itor the structure of the HO promoter. We detect a transition
in chromatin that involves five nucleosomes and is dependent
on the catalytic action of the SWI/SNF complex and the his-
tone chaperone Asf1.

MATERIALS AND METHODS

Yeast strains and media. The strains K8124 (SWI2-myc18 �ash1 GAL-CDC20
�cdc20), K8144 (Swi5-myc �ash1 GAL-CDC20 �cdc20), K8145 (Swi5-myc �ash1
GAL-CDC20 �cdc20 swi2-314), and K8134 (Swi2-myc �ash1 �gcn5 GAL-CDC20
�cdc20) have been described previously (14). H2B was myc tagged by a PCR-
based strategy (30) inserting three mycs at the C terminus of Htb1 using the
pYM4 template in strain W303 and was subsequently crossed with strain K8283
(�ash1 GAL-CDC20 �cdc20), reported previously (11), resulting in strain
TOH1012. The asf1� strain was initially obtained from Euroscarf (strain
Y01310) but had the dominant resistance marker kanMX4 replaced with hygro-
mycin by swapping the kanMX4 marker with hphMX4 by PCR-based one-step
gene replacement, as previously described (20). The resulting strain was crossed
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with TOH1012, resulting in strain TOH1045. TOH1144 (nap1�) was generated
by disruption of the NAP1 gene using the pAG32 template, which contains the
hphMX4 dominant resistance marker (20) in K8283. All experiments were car-
ried out at 30°C, and cell synchrony was achieved as previously described (14).

Chromatin analysis. Spheroplast preparation and chromatin analysis using
micrococcal nuclease, as well as Southern blotting and indirect end labeling, were
performed as previously described (27), except that cells were treated with 1%
formaldehyde at 25°C for 10 min to cross-link the chromatin prior to digestion.
Cross-linking was quenched by the addition of 2.5 M glycine to a final concen-
tration of 0.125 M, followed by incubation for a further 5 minutes. The cross-
linked cells were subsequently washed three times with ice-cold Tris-buffered
saline (20 mM Tris, pH 7.5, 120 mM NaCl) and then processed essentially as
described previously (27). DNA was resuspended in 20 �l of Tris-EDTA buffer
and digested with the restriction enzyme. DNA fragments were separated in a 20-
by 25-cm gel electrophoresis system containing 1.5% agarose in 1� Tris-borate-
EDTA buffer. The gels were normally run for 8 to 10 h at 80 V and were then
stained with ethidium bromide to view total DNA. The gels were then washed
with 500 ml of 1.5 M NaCl-0.5 M NaOH for 30 min and rinsed with distilled
water. Then, the gel was treated with 500 ml of 1.5 M NaCl–0.5 M Tris-HCl, pH
7.0–1 mM EDTA for 45 min. The gel was blotted for 12 to 14 h against 20� SSC
(1� SSC is 0.15 M NaCl plus 0.015 M sodium citrate) to an uncharged neutral
nylon membrane, and the blot was rinsed with 2� SSC before being UV cross-
linked at 1,200 J. The blot was then wetted with double-distilled water and kept
airtight at �20°C until hybridization. Prehybridization with 20 ml 1.5� SSC-5�
Denhardt’s-0.1% sodium dodecyl sulfate (SDS) was carried out for an hour at
64°C. One hundred nanograms of DNA probe labeled with [�-32P]dCTP using
the Amersham Rediprime II DNA-labeling system according to the manufac-
turer’s instructions and 500 �l of 2.5-mg/ml sonicated salmon sperm were heated
at 100°C for 5 min, cooled on ice, and then added to the prehybridized mem-
brane and incubated overnight at 64°C. The probe DNA used for indirect end
labeling adjacent to the NcoI site at the HO promoter was amplified using the
primers CATGAAAGATTCATGAGATCTGACA and CGTGTATTTAGTTA
CATCACTTTTCG. The blot was washed once in 100 ml of prewarmed 2�
SSC-0.1% SDS at 60°C for 30 min, followed by a wash in 100 ml of prewarmed
2� SSC-0.1% SDS at 64°C for 30 min, and rinsed in 100 ml of ambient-
temperature 2� SSC-0.1% SDS and 100 ml of double-distilled water. It was then
sealed in a thin plastic membrane and exposed to Amersham Biomax MS film at
�80°C. The film was then developed and scanned/digitized at 100-�m resolution
on a FLA-5100 imager, and image analysis was performed with AIDA software
(Fujifilm).

ChIP. Yeast cultures at a density of between 0.5 � 107 and 2 � 107 cells/ml
were treated with 1% formaldehyde for 20 min at room temperature. Cross-
linking was quenched by the addition of 2.5 M glycine to a final concentration of
0.125 M. The cross-linked cells were washed three times with ice-cold Tris-
buffered saline and resuspended in 300 �l lysis buffer (50 mM HEPES-KOH, pH
7.5, 140 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% Na-deoxycholate, and
a mixture of protease inhibitors) and agitated with glass beads for 25 min at 4°C.
Chromatin sonication was carried out using a Bioruptor ultrasonic cell disruptor
(Diagenode) to produce sheared chromatin with an average fragment size of 200
bp. Immunoprecipitation was performed using magnetic beads (Dynal; 2 � 107

per sample). Dynabeads coated with rat monoclonal anti-mouse immunoglobulin
G were used for immunoprecipitation of myc-tagged proteins using the 9E10
monoclonal antibody (Upstate). Dynabeads coated with protein A were used for
immunoprecipitation using an anti-histone H3 antibody (ab1791; Abcam). The
immunoprecipitation reactions, as well as the washing steps, were carried out as
described previously (52a). PCRs were carried out in 50-�l reaction mixtures
with 1/10 of the immunoprecipitated material and 1/100 of whole-cell extract
under the following conditions: 94°C for 4 min and 20 cycles of 92°C for 30 s,
59°C for 30 s, and 68°C for 30 s. The PCR products were separated in 2% agarose
gels, visualized with ethidium bromide, and digitized using a Fujifilm FLA-5100
phosphorimager. A set of primers (TCAAGAACACTCGCATTTACGGC and
ACCTCACTTTCTGTCCCAGATACGA) that amplified an intergenic region at
the HEM13 locus was used for normalization of the whole-cell extract and
immunoprecipitated target values. The primers used for the HO open reading
frame were GGTGAACCTGGTAGGTTAGATCCCA and CACAGACCAAG
CATCCAAGCCA. The primers used for URS1 were CGTAAAAAGTTTGAT
TCGTGGCGG and CGATTTATCAAAGCACTCTGCGGTT. Similar obser-
vations were made using reverse transcription (RT)-PCR. For the Snf2p ChIPs,
whole-cell extract and immunoprecipitated samples were produced as previously
described, but data analysis was performed only by RT-PCR using the Applied
Biosystems 7500 real-time PCR system. Signal normalization for H2B and H3
immunoprecipitations was also performed using oligonucleotide sets that ampli-
fied from the ACT1 promoter and open reading frame region, with the same

results observed using the HEM13 primer set. The enrichment values shown in
the figures are the ratios of enrichment with respect to HEM13 in the immuno-
precipitation versus enrichment relative to HEM13 in genomic DNA.

Nucleosomal MNase protection. Chromatin was not digested with a restriction
enzyme following MNase digestion (see Fig. 4C), and the 757-bp probe used for
Southern blotting was amplified using the primers GCACAAAAAAGGTACG
TTAATTTCC and GACTAACTTAAAAACGAGGTCGTA.

The quantitation of micrococcal-nuclease-digested chromatin (see Fig. 4D)
was carried out in an Applied Biosystems 7500 real-time PCR system. PCRs were
carried out in 25-�l reaction mixtures under the following conditions: 95°C for 10
min and 40 cycles of 92°C for 15 s, 59°C for 35 s, and 68°C for 25 s. Quantitation
and normalization were carried out exactly as for the ChIPs but using the primers
CGTAAAAAGTTTGATTCGTGGCGG and CGATTTATCAAAGCACTCT
GCGGTT.

Measurement of HO mRNA. For each strain to be analyzed, liquid cultures
were grown to a cell density of 1 � 107 to 2 � 107 cells/ml. The cells (107) were
resuspended in extraction buffer (0.5 M NaCl, 0.2 M Tris, pH 7.6, 0.01 M EDTA,
1% SDS) and snap-frozen by immersion in liquid nitrogen. An equal volume of
acidic phenol chloroform prewarmed at 65°C was added, mixed vigorously using
a vortex, and immediately snap-frozen in liquid nitrogen. The samples were then
centrifuged in a benchtop centrifuge at 13,000 � g for 7 min and were subse-
quently reextracted with acidic phenol chloroform. The RNA was precipitated
with ethanol, and the pellets were air dried and stored at �80°C. Quantitation
was carried out using an Express quantitative RT-PCR kit (Invitrogen) with
normalization against actin mRNA.

RESULTS

Characterization of chromatin structure at the HO locus. In
order to investigate the structure of chromatin at the HO locus,
yeast nuclei were isolated and subjected to controlled digestion
with micrococcal nuclease. The sites of increased cutting and
protection were identified by indirect end labeling (26). We
initially compared the chromatin structures in this region in
wild-type and Snf2 mutant strains in asynchronous cultures.
Although we observed nucleosomes positioned throughout the
HO intergenic region, consistent with recent genome-wide
studies (35) that included the same region, we did not observe
Snf2-dependent changes in the chromatin structure (data not
shown). One possible explanation for this is that, as the HO
promoter is only active for a relatively short period of the cell
cycle in mother cells, most of the cells in an asynchronous
culture will not be expressing HO.

In order to investigate whether the chromatin structure is
transiently rearranged during the course of activation at HO,
we next studied the chromatin structure at HO in cultures that
had been synchronized by the depletion of Cdc20. A system in
which Cdc20 had been placed under the control of the Gal10
promoter was previously proven to be effective in studying the
chromatin transition at HO (14). These cells arrest when grown
in raffinose but can be released from this block when galactose
is added as a carbon source. In order to test the synchroniza-
tion procedure, the growth of cells following release from
Cdc20 block was monitored by fluorescence-activated cell sort-
ing, and the binding of Swi5 to URS1 was monitored by ChIP
(see Fig. S1 in the supplemental material). Both cell division
and the interaction of Swi5 occurred with the same timing that
had been observed previously (13, 14), showing that the syn-
chronization procedure was effective and occurred with the
expected timing. In addition to synchronizing the culture, we
also carried out analysis of the chromatin structure in a strain
(K8144) in which the ASH1 gene had been deleted. This re-
sulted in the HO gene being expressed in both mother and
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daughter cells and meant that we could study chromatin within
a more homogeneous population.

The structure of chromatin at the HO regulatory region was
monitored in cell cultures synchronized in this way by indirect
end labeling. Figure 1A shows that at 0, 10, and 15 min fol-
lowing release from the Cdc20 block, a regular pattern of
protection and cleavage was observed consistent with the pres-
ence of nucleosomes. Within this ladder, two more prominent
hypersensitive sites within URS1 were observed in the regions

that corresponded to previously characterized binding sites for
the transcription factor Swi5 (52, 54). At 20, 25, and 30 min
following release, a transition in chromatin structure involving
five nucleosomes spanning URS1 and URS2 occurred. The
nucleosomes that were altered are illustrated schematically in
Fig. 1C. The timing of this transition in the chromatin structure
is coincident with the recruitment of SWI/SNF (Fig. 1B) (14),
suggesting that this complex might be involved in generating
the alteration.

FIG. 1. Detection of a chromatin transition during activation of HO. (A) Cultures of K8144 were synchronized in late anaphase by Cdc20
depletion, and samples taken at the indicated times following release from arrest were digested with MNase and subjected to indirect-end-labeling
analysis. Ordered chromatin was detected up to 15 min from release. From 20 min on, a transition in chromatin structure was detected. The
transition occurred in the region occupied by nucleosomes shaded light gray. Lane 1, Mw markers; lane 2, DNA that had been digested with NcoI
and SphI; lane 3, DNA digested with NcoI and MNase; lanes 4 to 21, chromatin digested with NcoI and MNase (9, 18, and 37 U/ml) at the indicated
times following release. (B) Snf2 is recruited to HO 20 min following release from Cdc20 arrest coincident with chromatin remodeling. Recruitment
of Snf2 to URS1 was monitored by ChIP using the strain K8124, in which Snf2 is myc tagged. The error bars indicate standard deviations.
(C) Schematic summary of the alterations to chromatin detected at HO. Nucleosomes within the region of disruption are shaded light gray.
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Chromatin remodeling at HO is dependent on Snf2. In order
to test this further, the chromatin structure was characterized
in a strain encoding a Snf2 protein with an E834K point mu-
tation. Figure 2A shows that the swi2-314 allele resulted in the
absence of the chromatin transition that was detected in the
presence of wild-type Snf2 protein. This was not due to a delay
in cell cycle progression in the swi2-314 strain, as the timing
with which Swi5 was recruited was not greatly affected (Fig.
2B) (14) and no alteration to the chromatin structure could be
detected in the mutant strain over an extended time course
(see Fig. S2 in the supplemental material). This suggests that
Snf2 or a protein acting subsequently to Snf2 is responsible for
the transition in chromatin structure. Previously, it was shown
that the SAGA histone acetyltransferase complex is recruited
to HO subsequently to SWI/SNF. For this reason, we charac-
terized the chromatin structure in strains in which the GCN5
gene had been deleted. The results, shown in Fig. 3, indicate
that the chromatin transition still occurred despite the absence
of Gcn5. As SAGA is required for subsequent steps in the
activation of HO, we can conclude that neither the histone
acetyltransferase activity of SAGA nor subsequent steps in
the activation of this gene are required for the chromatin
alteration detected.

The chromatin transition at HO involves a loss of canonical
nucleosomes. Although the data presented in Fig. 1 indicate
that a region between 500 and 1,500 bp upstream of the HO
promoter is disrupted during the course of induction, the na-
ture of the disruption is not clear. For example, the observed
alterations to MNase digestion could result from nucleosomes
being moved to different locations as a result of SWI/SNF
action or a more dramatic alteration to nucleosome structure.
In order to investigate this further, we next characterized the
ability of nucleosomes at the HO promoter to protect 147-bp
DNA fragments from digestion by micrococcal nuclease. Yeast
nuclei from cultures before and after release from Cdc20 arrest
were subjected to digestion with increasing amounts of micro-
coccal nuclease. Following the removal of proteins, this DNA
could be separated on an agarose gel. Figure 4B shows that a
significant proportion of the total yeast genomic DNA was
digested into fragments of approximately 147 bp and that a
ladder of multiples of this length could also be observed. This
is consistent with the digestion of bulk yeast chromatin into
DNA that is nucleosome length and multiples of nucleosome
length. There was little change in this pattern when DNA was
prepared from cells grown prior to and 30 min following re-
lease from Cdc20 arrest. In order to look at the nucleosome

FIG. 2. The transition in chromatin structure is dependent on Snf2. (A) Cells from the strain K8145 encoding the snf2 E834K mutation were
collected at the indicated times following release from anaphase arrest, digested with MNase, and subjected to indirect end labeling. No transition
in the chromatin structure was observed in a strain with the snf2 E834K mutation. Chromatin structure was monitored using the NcoIF probe.
(B) ChIP showing that Swi5 is recruited to HO in a K8145 strain bearing the snf2 E834K mutation with timing similar to that for SNF2 (see Fig.
S1B in the supplemental material). The error bars indicate standard deviations.
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content of the HO regulatory region, a probe derived from the
region in which we had detected an alteration by indirect end
labeling (Fig. 3A) was used as a probe in a Southern blot of
genomic micrococcal-nuclease-digested DNA. In contrast to
the total DNA, the nucleosomal digestion pattern at the HO
URS became far less distinct 30 min following release from
Cdc20 arrest (Fig. 4C). This effect could be quantified by PCR
using primers designed to amplify nucleosomes located at
�1000 (Figure 4D). As the probe used in Fig. 4C spans 722 bp,
repositioning of nucleosomes in this region would not be suf-
ficient to result in a loss of nucleosomal signal. As a result, the
reduction in the proportion of DNA giving rise to nucleosomal
protection under activating conditions indicates a reduction in
the content of intact nucleosomes over this region.

Chromatin remodeling at HO involves a loss of histone DNA
contacts. In order to monitor the extent to which histones
retain in contact with the HO locus, ChIP assays were per-
formed. Histone H2B contacts were monitored using a strain
in which the gene encoding H2B had been tagged with a myc
epitope. H2B occupancy at URS1 was found to drop approx-
imately 20 min following release from Cdc20 arrest (Fig. 5B).
Cross-linking of histone H3 was observed to be reduced with
similar timing (Fig. 5B). This reduction in histone occupancy
was specific to URS1, as it was not observed at other chromo-
somal regions, such as the HO coding region (Fig. 5C). As the
reduction in histone cross-linking was coincident with the re-

cruitment of Snf2 to HO (Fig. 1B), we next tested whether the
alteration also occurred in a Snf2 mutant strain. Figure 5D
shows that mutation of E834 to K within the Snf2 protein
prevented histone loss.

Chromatin remodeling at HO also involves the histone
chaperone Asf1. In vitro, SWI/SNF has been observed to be
more efficient at repositioning nucleosomes than at removing
them from DNA in trans (57). This raises the possibility that an
additional factor(s) assists SWI/SNF in the removal of nucleo-
somes at HO. In vitro, the histone chaperone Nap1 has been
observed to accelerate the rate at which nucleosomes are dis-
assembled (37). Our preliminary studies suggested that Nap1
does not contribute to remodeling at HO (data not shown).
Another histone chaperone, Asf1, has been observed to be
required for normal activation of the PHO5 and PHO8 genes
(1). In concert, these observations made it of interest to inves-
tigate the role of histone chaperones in the remodeling of HO.
Figure 6 shows that deletion of the histone chaperone Asf1
caused a reduction in remodeling at HO, as assessed by indi-
rect end labeling (Fig. 6A). Furthermore, deletion of Asf1 also
prevented the loss of histone contacts with URS1, as deter-
mined by ChIP (Fig. 6B). This important role for Asf1 in the
chromatin transition at HO raises the issue of whether Asf1 is
also required for HO transcription. Figure 6C shows that this is
indeed the case and that the cell cycle-dependent transcription
from HO is greatly reduced in an asf1� strain. The reduction in

FIG. 3. Chromatin remodeling at HO occurs independently of Gcn5. (A and B) Cells from isogenic strains differing in the GCN5 locus (K8144
and K8134) were collected at the indicated times following release from anaphase arrest, digested with MNase, and subjected to indirect end
labeling. The transition in the chromatin structure during activation of the promoter occurred in the absence of the Gcn5 acetyltransferase.
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remodeling observed in the absence of Asf1 is unlikely to be
due to a delay in cell cycle progression, as the timing of Swi5
recruitment, mitosis, and budding were not greatly delayed
(see Fig. S3 in the supplemental material). Furthermore, no
alteration to the chromatin structure at HO could be detected
over an extended time course (see Fig. S3B in the supplemen-
tal material).

DISCUSSION

We have characterized a transition in chromatin structure
occurring during the course of activation at the yeast HO
promoter. It spans a region normally occupied by five nucleo-
somes. The remodeling event is likely to involve the loss of
nucleosomes, as less DNA is cross-linked to histones and pro-
tected from nuclease digestion in the active conformation.
However, the magnitude of the changes in cross-linking or

nuclease sensitivity (two- to fourfold) raises the possibility that
a proportion of nucleosomes remain intact within this region,
as has been found to be the case during activation of the PHO5
promoter (7, 32). The chromatin transitions at PHO5 and HO
also both involve the action of SWI/SNF and ASF1, and it is
most likely that in both cases the outcome is the removal of a
least a proportion of the nucleosomes from the remodeled
region. However, our analysis of HO did not enable us to
formally exclude the possibility that remodeling results in the
generation of altered nucleosomes with reduced histone DNA
contacts.

In order to study chromatin in a more homogeneous popu-
lation of cells, we used a strain in which the Ash1 protein has
been deleted. This causes the HO gene to be expressed in
mother and daughter cells when otherwise it would be ex-
pressed only in mother cells. Use of this mutation has proven
to be a useful means of dissecting the regulation of HO (14,

FIG. 4. Chromatin remodeling at HO involves the loss of canonical nucleosomes. (A) Schematic representation of the HO promoter. The solid
black bars represent the probes used for Southern blot analysis. Nucleosome mapping involved preparing chromatin from the strain K8144 (ash1�
SNF2) under conditions in which HO chromatin was in the repressed state (10 min following release) or the active state (25 min following release).
The DNA fragment distribution of bulk chromatin could be seen by agarose gel electrophoresis followed by staining with ethidium bromide. (B) A
ladder of nucleosomal repeats was detectable in chromatin from both the active and repressed conditions. To study the nucleosome contact at the
HO promoter, fragments from agarose gels were transferred by Southern blotting and hybridized with a 722-bp probe spanning from bp �538 to
�1260 within the HO URS region. (C) The loss of nucleosome length protection observed under activating conditions suggests that few
nucleosomes remained capable of protecting 147 bp of DNA in this region. (D) Quantitative analysis of nucleosomal signal. Purified nucleosomal
DNA was subjected to RT-PCR with primers specific for the nucleosome at bp �1000 to quantify loss of nucleosomal signal.
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34); however, it remains open to the possibility that regulation
may be different in the presence of Ash1. Indeed, there is
evidence that while the SAGA complex is not required for
SWI/SNF recruitment in the absence of Ash1, it does facilitate
SWI/SNF recruitment when Ash1 is present (39). For this
reason, we have attempted to characterize the chromatin tran-
sition in cell populations expressing Ash1. Unfortunately, we
could not detect chromatin remodeling in such strains (data
not shown). This could be because the nature of the remodel-
ing event changes in the presence of Ash1 or because the
proportion of cells with an active chromatin structure is re-
duced to a level at which we cannot detect changes.

It is notable that the changes we did detect were in the
upstream regulatory region. This does not necessarily mean
that additional changes could not occur in other regions of the
gene. For example, if additional changes occurred but were
very short lived, they might not be detected. Changes associ-
ated with transcription might be short lived, as active genes
may be transcribed only in short bursts (11), an effect that may
be especially significant at a gene such as HO that is tran-
scribed at relatively low levels. It is notable that at highly
transcribed genes, SWI/SNF has been observed to participate
in the depletion of nucleosomes across the coding region
(49, 51).

Genome-wide studies of nucleosome occupancy have re-
vealed that many genes have a region of low nucleosome oc-
cupancy close to the transcriptional start site (5, 35, 44, 59).
The mechanism by which this region is generated remains
unclear. While there is some evidence that structural proper-
ties of the underlying DNA may not favor the accumulation of
nucleosomes at these sites (2, 35, 48, 50), it also remains pos-
sible that other factors contribute to the removal of nucleo-
somes from these regions (3, 35, 55). The nucleosome deple-
tion we detected here differs in that it occurs in an upstream
regulatory region rather than at the promoter, involves several
nucleosomes, and is not constitutive.

In this respect, the depletion we observed is more similar to
that observed at the PHO5 promoter. Here, a compelling case
has been made for the eviction of histones during the course of
induction (6, 7, 32, 46). These observations are best interpreted
in terms of a dynamic interplay between chromatin assembly
and removal, resulting in net nucleosome depletion over a
region spanning four nucleosomes. This results in an average
of one nucleosome remaining present, but distributed un-
equally between four depleted locations (6, 25). In the case of
PHO5, octamer removal is only partially dependent on SWI/
SNF, as deletion of SNF2 causes a delay in the chromatin
reconfiguration rather than completely preventing it (4). Par-

FIG. 5. The chromatin transition involves loss of DNA histone contacts. (A) Schematic representation of the HO promoter, including the
positions of primers used for PCR. (B and C) DNA associated with myc-tagged H2B or the H3 C terminus (term) was enriched for by ChIP
(TOH1012). The enrichment at either the URS (B) or coding region (C) was calculated relative to the HEM13 gene, which was used as a control
in real-time PCR. (D) The reduction in histone contacts at the URS is dependent on Snf2, as it does not occur in a strain bearing the snf2 E834K
mutation. The error bars indicate standard deviations.
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tial dependence on SWI/SNF for nucleosome removal has also
been observed in the GAL1,10 intragenic region (9) and for
many genes induced upon heat shock (51).

At other genes, there is stronger dependence on SWI/SNF
for chromatin remodeling, but at none of them has the tran-
sition in chromatin structure been characterized in so much
detail as at PHO5. For example, at SUC2, there is a SWI/SNF-
dependent alteration to the chromatin structure that has been
shown to be independent of transcription (23, 49). At PHO8,
the SAGA histone acetyltransferase complex is required for
transient acetylation of histones prior to remodeling directed
by SWI/SNF (45). Here, the remodeling event involves a loss of
histone contacts and is facilitated by the action of Asf1 (1, 31).
At FLO1, FLO11, and HIS3, SWI/SNF appears to move nu-
cleosomes over a significant range (18, 19, 29), whereas at the
human beta-interferon promoter, there is highly localized nu-
cleosome repositioning (36).

Further studies have suggested that dynamic chromatin as-
sembly and disassembly occur at many regulatory elements
genome-wide (15, 24). Indeed, it has been observed that de-
pendency on SWI/SNF is correlated with dynamic histone as-
sociation (15). Although our study is restricted to the HO
promoter, it is likely that SWI/SNF acts similarly at a subset of
other yeast genes, where it may also act to destabilize nucleo-
somes (33, 49, 55).

The involvement of additional factors in facilitating the re-
moval of histones by SWI/SNF also seems likely, given that
SWI/SNF is more efficient at sliding nucleosomes than at re-
moving them from DNA in vitro (57). In reactions catalyzed by
the closely related enzyme RSC, the histone chaperone NAP-1
has been found to facilitate nucleosome transfer in vitro (37).
However, here, we found that mutation of Nap1 does not affect
chromatin remodeling at HO (data not shown). Instead, we
found that the histone chaperone Asf1 plays a role in the
removal of histones at HO (Fig. 6). This is reminiscent of the
PHO5 and PHO8 promoters, where Asf1 contributes to octa-
mer removal (1, 31). Although deletion of the ASF1 gene did
reduce remodeling at HO, addition of affinity-purified native
Asf1 to in vitro transfer reactions that included SWI/SNF had
no significant effect on activity (data not shown). This suggests
that additional factors may also be involved in remodeling at
HO. One possibility is that the binding of transcription factors
acts to promote the removal of nucleosomes at HO. In vitro
studies indicate that histone eviction can be facilitated by tran-
scription factor binding (22, 42), and there is good evidence
that SWI/SNF interacts with a range of transcriptional activa-
tors (14, 41, 55, 58, 60). A second possibility is that modifica-
tion of histones may potentate their removal. There is evidence
that histone acetylation can facilitate the removal of nucleo-
somes in vitro (10, 16) and that in vivo, at least in some cases,

FIG. 6. Nucleosome remodeling at HO requires Asf1. Indirect end labeling was used to monitor the chromatin structure at HO 0 min and 30
min following Cdc20 arrest using the NcoIF probe as described in the legend to Fig. 1. (A) Deletion of ASF1 (TOH1045) resulted in a reduction
in the disruption of the chromatin structure at 30 min in comparison to the isogenic ASF1 plus TOH1064. (B) This was also evident as a failure
to lose histone contacts, as assessed by H2B ChIP. (C) Real-time RT-PCR was used to measure the levels of the HO mRNA transcript. A reduction
in cell cycle-regulated transcription was observed following deletion of ASF1. The error bars indicate standard deviations.
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histone acetylation precedes nucleosome removal by SWI/SNF
(21, 51). Although at HO the removal of histone octamers is
not dependent on SAGA, it could be that other modifying
enzymes are capable of contributing to a signal for nucleosome
removal in a way that is redundant with the action of SAGA. In
this respect, it is noteworthy that H4 acetylation has been
observed to occur early during the activation of HO (34).
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